A mutant haploid strain of Saccharomyces cerevisiae has been isolated that is sensitive to the alkylating agent methyl methanesulfonate at a concentration of 0.01% (vol/vol). The strain also shows sensitivities to x-rays and ultraviolet light, which cosegregate with sensitivity to methyl methanesulfonate as a single gene defect. An analysis of the sensitivity to ultraviolet light indicates that the mutation interferes with the excision of pyrimidine dimers.
Molecular explanations of gene conversion assume the formation of a DNA heteroduplex as an intermediate step (1, 2) . Base pairing in the heteroduplex is, in the simplest case, noncomplementary for one base pair. The region of mismatching of the base pairs is recognized by repair enzymes that excise one or the other of the two strands. Complementarity is restored by limited DNA synthesis to produce a homoduplex that is either mutant or wild type, depending on which strand is attacked. Evidence has been obtained in vitro of enzymes that can detect heteroduplexes in which there is noncomplementarity for a single base pair (3) (4) (5) . The heteroduplex can alternatively be resolved by a round of DNA replication, in which case the sorting out of the homoduplexes is delayed by one cell cycle. The two types of resolution are reflected in the genetic segregations that are obtained.
To investigate the relationship between DNA repair and gene conversion, we have isolated mutants of Saccharomyces cerevsiiae that are hypersensitive to methyl methanesulfonate (MeSO2OMe). MeSO2OMe, which mimics x-rays in the production of single-strand breaks (6, 7) and is effective as a recombination inducer (8) , was chosen because of its convenience in screening for large numbers of mutants that are candidates for repair defects. MeSO2OMe-sensitive mutants in yeast were previously described by Reno (9) . A summary of the crosssensitivities of known radiation-sensitive mutants in yeast to MeSO2OMe has been compiled from the literature by Catcheside (10) . The mutants that we have obtained fall into seven complementation groups. We have shown one of these to be a new allele of the known radiation-sensitive gene radl8 (10, 11) . The new allele, which we shall designate radl8-3, is the subject of this study.
Under conditions of vegetative growth, diploids homozygous for this allele and appropriately marked for the detection of both gene conversion and crossing-over exhibit a relatively high spontaneous rate of the former and little or none of the latter, relative to the corresponding wild type. The radl8-3 diploids are also sensitive to x-rays and ultraviolet light (UV) and can be shown to be defective in the excision of pyrimidine dimers. Thus repair defectiveness is correlated with gene conversion in tivo. A molecular interpretation of the basis for this correlation is given in the Discussion.
MATERIALS AND METHODS
Yeast Strains. These are described in the text. Media. Yeast extract-peptone-glucose, complete synthetic, and sporulation media have been described elsewhere (11) . MeSO2OMe medium is complete synthetic medium with methyl methanesulfonate added. Canavanine medium is complete synthetic medium without arginine and with 40 mg per liter of canavanine. Cycloheximide medium is complete synthetic medium with 5 mg per liter of cycloheximide.
Growth of Cells. All cells were grown at 30'. Liquid cultures were grown in yeast extract-peptone-glucose medium, with agitation.
Mutagenic Procedure. Cells were mutagenized with Nnitroso-N-methyl-N'-nitroguanidine by the procedure of Loprieno and Clarke (12) .
Mutant Isolation. The mutagenized culture was plated on yeast extract-peptone-glucose medium. Colonies were replicated in succession to complete synthetic medium and MeSO2OMe medium (0.04%). Colonies that grew on complete synthetic medium but not on MeSO2OMe medium were isolated, purified, and retested for sensitivity on MeSO2OMe plates.
X-Ray Treatment. Stationary phase cells were sonicated, diluted into distilled water, and plated on complete synthetic medium. Cells were irradiated on the surface of the media in open petri dishes. The x-ray source was a Machlett OEG 60 x-ray tube operated at 50 kV and 20 ma and powered by a Picker x-ray generator. The dose rate was 110 rads/sec (1.1 J/kg per sec).
UV Treatment. Cell preparation and irradiation was performed as for x-ray treatment. Irradiation was conducted in an area illuminated with yellow light to avoid photoreactivation. The UV source was a home-built unit consisting of two The sensitivity to UV and x-rays of the haploid radl8-3 strain was compared with that of a + haploid and a second radiation-sensitive haploid, rad5O (14) ( Table 1 ). The radl8-3 strain is more sensitive to UV than the rad5O strain, and both are more sensitive than wild type.
With reference to x-rays, the rad5O strain is more sensitive than the radl8-3 strain, and both are more sensitive than the wild type. Sensitivities to UV (1400 ergs/mm2) and x-rays (35 krads) were found to cosegregate with sensitivity to 0.01% MeSO2OMe, in the dissections described in the preceding section.
The UV and x-ray sensitivities of the diploid strains, radl8-3/rad18-3 and +/+, are also compared in Table 1 . The results are similar to those observed with the corresponding haploid strains. The radl8-3/radl8-3 diploid is highly sensitive to doses ofUVthataresublethalforthe+/+strain. Theradl8-3/radl8-3 diploid is also clearly more sensitive to x-rays than the +/+ diploid.
Effect of radl8-3 on the repair of UV-induced damage The radl8-3/rad18-3 and +/+ diploids were also compared for their respective abilities to recover from UV damage. Repair excision-repair (16, 17) . To distinguish between a defect in the process by which pyrimidine dimers are excised and a defect in repair synthesis after excision has been achieved, we peformed the following experiment: diploid cells that were +/+ and radl8-3/radl8-3 were irradiated with UV to approximately 10% survival, and held in the dark as before. Samples were removed at various times during the holding period. Half of each sample was plated immediately to measure survival. The other half was exposed to 30 min of black-light for photoreactivation and then plated to measure survival. Photoreactivation of the radl8-3/radl8-3 diploid results in an increase in survival over that obtained for the same diploid held only in the dark (Table 2 ). This effect persists, although at a declining rate, for 24 hr. For the +/+ diploid, however, there is little relative increase in survival, due to photoreactivation, after the first 8 hr of darkness. This experiment suggests that the substrates for photoreactivation, the pyrimidine dimers, persist in the radl8-3/radl8-3 diploid for a much longer time than in +/+ diploids and that radl8-3 is responsible for a defect in the excision portion of the excision-repair pathway that operates in the dark. Similar experimental results with UV-sensitive mutants have been similarly interpreted (18, 19) .
Effect of radl8-3 on recombination in heteroallelic diploids Diploids heteroallelic at the ade6 locus on chromosome VII were constructed by crossing haploid strains carrying the allele ade6-21 with others carrying the allele ade6-45. The relative meiotic, distance separating these two alleles is about 80% of the known maximum for this locus (20) . In Table 3 the rates of spontaneous mitotic reversion are compared for the +/+ strain and the radl8-3/radl8-3 strain. The method used to evaluate the reversion rate was a fluctuation test (21, 22) . Fifty subcultures for each strain were grown up from single cells and each assayed for ade+ revertants. The average population size, n, for a given subculture was 1.25 X 0s cells per ml. The median number of revertants for the 50 samples was calculated, and was used to derive an estimated value for m, the mean number of reversion events per sample. The estimation of m was according to the maximal likelihood method of Lea and Coulson (22) . The reversion rate was computed as m/n and is given in Table 3 for each strain, along with pertinent values of the median, the range, m, and n. The frequency of heteroallelic reversion in radl8-3/radl8-3 diploids is about six times that of the +/+ diploid. Table 3 also shows the experimental ratios of standard deviation/average, which are compared to the theoretical ratios predicted by the maximal likelihood method. The relative closeness of the experimental and theoretical ratios indicates the adequacy of the technique when applied to spontaneous heteroallelic reversion. In summary, our results show that radl8-3 effects a significant elevation in the spontaneous reversion rate of heteroallelic diploids. Heteroallelic reversion has been previously shown to be almost entirely due to gene conversion in Saccharomyces (23) .
Analysis of mitotic recombination in radl8-3 diploids in which gene conversion and crossing-over can be simultaneously detected.
The evidence in the previous section makes it clear that the rate of spontaneous gene conversion in radl8-3 diploids is substantially higher than that found in wild-type strains. Gene conversion may in fact be the sole type of mitotic recombination affected by radl8-3. This hypothesis must be tested, however, as the effects in toto of radl8-3 may be similar to those observed by Nakai and Mortimer (24) for radiation-induced mitotic segregation in +/-diploids. These workers found that radiation-induced homozygosis of recessive markers on the left arm of chromosome VII was due either to reciprocal recombination or to gene conversion. A number of other mechanisms (also not detectable in heteroallelic diploids) couldbeaffectedbyradl8- 3 and thus contribute to an enhanced rate of recessive marker segregation in +/-diploids, e,g., loss of a chromosome carrying the + allele of the marker being monitored (trp5, leul, etc.), deletion of the locus, or mutation.
In order to test our hypothesis, we used a nonselective procedure that allows all of the segregational products issuing from a conversional event to be identified (25) . This procedure uses a red-pigmented strain of genotype ade2/ade2, Ade6/ade6.
Colonies obtained from this strain are red. If the strain becomes homozygous for ade6, i.e., ade2/ade2, ade6/ade6, the red pigment is no longer produced and the colony is white. If the event that results in homozygosity for ade6 occurs after plating, a red-white sectored colony will be produced. In order to establish, however, that gene conversion is in fact the reason for the sectored colonies, we must eliminate two other types of events that could give the same result as gene conversion, namely, mutation of Ade6 to ade6 or the nonlethal loss of the Ade6 locus. If mutation is the basis of the sectored colony, we should expect a mutant allele to be at some point in the cistron different from the locus of the input allele, in this case ade6-1. Thus, the white cells of the sectored colony should be of genotype ade6-x/ade6-1, and it should be possible to reconstruct an Ade6 locus by recombination (25) . Thus, red colonies should be obtainable from cells of the white sector, especially when these are treated with inducing agents. The efficacy of the technique can be validated in white diploids in which ade6-x is a known allele known to be mutant at a position different from that of ade6-1. Constructed diploids that are ade6-45/ade6-1 produce red colonies upon treatment with x-rays (about 4000 rads) with a frequency of about 5 per 104 white colonies. We have looked for such induced segregation in ten cells from white sectors of 50 sectored colonies, plating in each case 2 X 104 cells, and have found none.
To rule out the possibility that the white sectors are the result of a viable deletion of part or all of the Ade6 locus, we performed the following test of the cells from the white sectors. The cells were sporulated and the four segregants were isolated. These segregants in turn were crossed with a haploid strain that was doubly mutant, ade6-21,45, at the locus. The mutant lesions, ade6-21 and ade6-45, span most of the locus with reference to all of the known mutations at the locus (20) . Thus, ade6-21 induced with 4400 rads of x-rays recombines with ade6-45 in mitosis with a frequency of 6.5 X 10-4. If the meiotic segregants from cells of the white sector contain ade6-1 only, diploids formed by crossing to an ade6-21,45 strain should yield mitotic recombinants with a frequency of 1.0 X 10-4, as is known from diploids of known genotype ade6-21,45/ade6-1. If, however, two of the segregants are deletions, a diploid ade6-deletion/ade6-21,45 heterozygote should give no recombinants if the deletion covers the locus or a distorted frequency of recombinants if the deletion covers only part of the locus and does not include either ade6-21 or ade6-45. The results of this test in 10 cases are consistent with the interpretation that the segregants all contain ade6-1. In other words, there is no evidence of deletion as the basis of white sectoring in the red-white colonies. In summary, all of the white sectoring can be attributed to gene conversion.
Effect of radl8-3 on mitotic segregation of recessive markers for canavanine and cycloheximide resistance, and for a mating type allele.
The results of the preceding two sections indicate that radl8-3 effects a high level of spontaneous gene conversion at the ade6 locus. The question remains, however, whether the effect of radl8-3 is a general one or is restricted to just the ade6 locus. In order to answer this question we constructed diploid strains that were +/+, +/radl8-3, and radl8-3/radl8-3, and have the following common genotype, a/a, canricans, cyh2/+.
They are sensitive to canavanine and cycloheximide and behave as normal a/a diploids. The frequency of segregating homozygosity for the two recessive markers was determined by plating the strains for canavanine and cycloheximide resistance.
The mating type frequency of homozygosity was determined by testing colonies for a mating-type when challenged with a Thus, the effect of radl8-3 seems to be locus nonspecific with regard to the enhancement of mitotic recombination.
DISCUSSION
The experimental data can be summarized as follows: the radl8-3 mutation is a single gene defect that confers sensitivity to methyl methanesulfonate, ultraviolet light, and x-rays. Strains carrying radl8-3 are also deficient in their ability to excise UV-induced pyrimidine dimers in the dark. Diploid strains homozygous for radl8-3 exhibit a level of spontaneous mitotic gene conversion significantly higher than that of wild-type.
The excision repair of UV-induced pyrimidine dimers has been shown in bacteria to require at least four enzyme activities. An endonuclease produces an incision in the DNA molecule near the site of the lesion. This incision is followed by exonucleolytic removal of a sequence including the damaged nucleotides. Resynthesis of the excision gap requires DNA polymerase, and ligase activity. If this is indeed the pathway of the repair of ultraviolet damage in S. cerevtziae, the most likely candidates for a defective enzyme in radl8-3 strains are either an endonuclease or an exonuclease, as it is not known, with any certainty, if the method used for dimer detection (photoreactivation of survival) can really distinguish between these two possibilities. For example, we know of no evidence that leads us to believe that the yeast photoreactivation enzyme is incapable of dimer recognition in the vicinity of a prior incision, made by a nondefective endonuclease. The defect, whichever it is, should also explain the observed sensitivities to both MeSO2OMe and x-rays, and the hyper-gene-conversion phenotype.
How can the above phenotypes be reconciled as being due to a common defect? Single-strand breaks in DNA result from both x-rays (26, 27) and MeSO2OMe treatment (6, 7) . Thus, sensitivity of radl8-3 strains to these two agents reflects a decreased capability to repair single-strand nicks or gaps. If we assume a UV endonuclease to be normal in radl8-3 strains, but that an associated exonuclease is deficient, sensitivity to UV can be explained as follows: the mutant exonuclease interferes with repair by acting with reduced activity at the site of the endonucleolytic incision. Similarly the repair of x-ray-and MeSO2OMe-induced breaks could also be impaired. If random single-strand breaks also occur spontaneously during the vegetative growth cycle of S. cerevssiae, and are repaired by the Genetics: Boram and Roman same pathway as the induced breaks, it would follow that radl8-3 strains are deficient in this function as well. The elevated spontaneous mitotic gene conversion rate of radl8-3 diploid strains can thus be rationalized as a consequence of this defect.
A current model of genetic recombination by Meselson and Radding (2) links breakage and single-strand displacement as initiating events leading to recombinant DNA duplexes. This initiation mechanism is further elaborated upon by Holloman et al. (28) , who report that homologous single-stranded DNA is preferentially taken up by superhelical DNA molecules. On this basis, if spontaneous single-strand breaks are generated in the DNA of a diploid strain whose relevant repair function is impeded, e.g., by a more slowly acting exonuclease, the sites should have greatly increased probability of being recombinogenic.
Repair defectiveness has been previously correlated with elevated mitotic heteroallelic reversion in Saccharomyces. A number of UV-sensitive mutations when homozygous lead to increased UV-induced reversion (29, 30) . Spontaneous levels are unaffected in these strains, however. Similar behavior has been reported by Lemontt (31) for diploid strains homozygous for each of three mutant genes that reduce UV-induced mutability (rev mutations).
Enhanced spontaneous recombination has been found in other organisms. A UV-sensitive strain of Ustilago maydis has been shown to exhibit elevated levels of spontaneous mitotic heteroallelic reversion when the mutation is homozygous (32) . A mutant of Escherichia coli was isolated by Konrad and Lehman (33) using direct selection for elevated spontaneous recombination in the lacZ cistron. The mutant lacks a specific 5'/-3' exonuclease associated with DNA polymerase I, and is repair defective.
We have also accumulated a limited amount of data on meiotic recombination rates associated with radl8-3 homozygous diploids. Our data indicate no striking departure from rates normally observed.
The apparent allelism of radl8-2 and radl8-2 implies that elevated spontaneous gene conversion, and defective UV dimer excision-repair should be exhibited by radl8-2. The gene conversion response has not been reported in the literature in the description of radl8-2. A pathway analysis of the radl8-2 mutant was reported by Kahnetal. (34) , who noted thatrad18-2, rad2-17 double mutants were more UV sensitive than either of the single mutants. Since rad2 is a known excision step mutant in the UV dimer excision-repair pathway (19) , the increased UV sensitivity of the double mutant implies that the radl8 product functions in an alternate pathway also involved with UV repair. The possibility is not excluded that radl8 may have a dual role in both the alternate pathway and the pathway in which rad2 is functioning. It may be that the radl8 gene product is an exonuclease having a common early function in the dimer-specific (rad2) excision pathway, and in an alternate general repair pathway involved with UV, x-ray, and MeSO2OMe-induced lesions.
